An optimally aligned prosthesis, as accomplished by the subjective judgment of the prosthetist, guarantees the best quality of gait. Yet, amputees can adapt to a large variety of geometrical configurations of the prosthetic components. Differeni external rotation angles of the foot in trans-tibia1 (TT) prostheses were
investigated. The study tried to identify (a) the relationship between foot angle and other gait parameters and (b) the compensating pattern of the amputees to excessive external rotation of the foot. Eight (8) TT amputees, fitted with an identical type of prosthesis, were investigated during ambulation. The prosthetic foot was externally rotated as follows: optimal angle (10.94"+5.2 1 O ) , optimal angle plus another 18", and optimal angle plus another 36". Analysis of gait was performed with the aid of an electronic walkway. Speed of gait, stance and swing time, and foot angle were monitored in 4 runs for each of the three foot angles. Speed of gait remained almost constant in the three tests. Stance and swing time, as well as step length, significantly changed when 36" were added to the optimal foot angle. This foot position significantly influenced inter-legs time difference and symmetry between the legs. During ambulation, prosthetic foot external rotation was decreased by internal rotation of the limb at the hip joint level. It is concluded that TT amputees can maintain an efficient speed of gait even when the prosthetic foot is malpositioned in excessive external rotation. Although such a malalignment
Introduction
Rehabiliation of an amputee should be considered successful only when the amputee finds the prosthesis comfortable during ambulation, aesthetic to look at, and when the prosthetist is satisfied with the prosthetic alignment. A comfortable and optimally aligned prosthesis permits pain-free ambulation, protects stump skin from breakdown, allows better body weight-bearing, improves quality of gait, and decreases the energy cost of walking (Bagley and Skinner, 1991) .
During the phase of the prosthetic dynamic alignment, the prosthetist inspects the patient from all angles while standing and walking, and records the patient's comments. Factors such as experience, understanding of the cause of posture deviations, information on zones of overload at the stump-socket interface, and feedback received from the patient assist the prosthetist in making alterations to the geometrical configuration of the prosthesis until the desired alignment is achieved. Nevertheless, since current prosthetic alignment is based on the prosthetist's subjective judgement, it is obvious that visual observation is neither sufficiently reliable or sensitive to detect small deviations. Furthermore, the amputee's comments are not always helpful.
Most research, investigating the influence of prosthesis alignment on standing and walking of lower limb amputees, is dedicated to exploring the effect of the relative geometrical position of the socket-pylon components on standing balance and gait quality. Tilting and shifting the socket relative to the pylon into varus, valgus, flexion, and extension directions are the most investigated positions.
In trans-tibia1 (IT) amputees, vertical ground reaction forces were recorded during stance phase following 10" prosthetic socket tilt into varus, valgus, flexion, and extension (Pinzur et al., 1995) . Significant differences were found in time and peak vertical ground reaction forces when comparing malaligned with neutrally aligned prosthetic limbs. The results suggested that prosthetic malalignment leads to an increased loading on the sound limb.
Interface pressures and shear stresses over the stumps were investigated at 13 sites on TT' amputees ambulating with patellar-tendonbearing (FTB) prostheses (Sanders et af., 1998) . Interface stresses during stance phase were measured at different socket-pylon alignment settings and it was-concluded that amputees compensate well for alignment changes to maintain consistent interface stresses (Sanders et al., 1998; Zahedi et al., 1986) .
The effect of alignment of the prosthesis pylon on the standing balance of trans-tibia1 (TT) amputees has been investigated (Isakov et al., 1994) . The results indicated that malaligned varus and valgus positions of the pylon were the least stable and that the activity of foot-ground reaction forces in the anteroposterior direction was significantly higher in the sound limb. The influence of sagittal plane prosthetic alignment changes on loads applied to the ipsilateral knee during standing has also been investigated (Blumentritt et al., 1999) . It was found that alignment significantly affected the load applied to the measured knee but had almost no influence on muscle activity in the sound leg.
Foot angle describes the degrees of in-toeing or out-toeing of the foot relative to the forward line of progression during the stance phase (Shores, 1980) . It is measured by the angle formed between a line corresponding with the direction of walking and the long axis of the foot, a line drawn longitudinally that bisects the foot from the heel and extends anteriorly between the second and third toes. However, little attention has been given to the angle of the prosthetic foot during IT amputee's gait. Angular kinematic data have been recorded by electrogoniometers positioned at the hips and knees of TT' amputees during ambulation with different prosthetic foot settings (Hannah and Morrison, 1984) . Alignment changes included foot plantaddorsiflexion and eversion/inversion, foot/pylon angular changes, and length changes of the prostheses. It was found that optimal alignment minimises the range of motion gait asymmetries at the hips and knees of TT amputees. Foot dorsiflexion was the most important prosthetic alignment change and hip flexion/extension motions were the most sensitive to alignment changes. However, results were tempered by the necessity to use large alignment changes to elicit changes in symmetry.
Although the prosthetic foot is constantly placed in external rotation, it is the prosthetist who makes the final decision in regard to the final amount of foot angle. It is the goal of this paper to investigate the influence of the foot angle on gait parameters and to identify the compensating patterns in the event that the prosthetic foot is malaligned.
Subjects and material
Eight (8) males, 6 with right and 2 with left trans-tibial traumatic amputations volunteered to participate in this study. The ages of the subjects ranged from 36 to 64 years (mean age: 49.429.4 years), their heights ranged from 165 to 187cm (mean height: 175.2+6.4cm), and their body mass ranged from 64 to 104kg (mean: 82.6+16.6kg). Stump length of the subjects ranged from 11.5 to 18cm (mean length: 15.7+2.8cm). In all subjects, surgeons chose to use a posterior flap from the triceps surei muscles to cover the stump while the compartment fascia was sutured to the tibia1 periostium. The time lapse between the date of amputation to the time of testing ranged from 1 to 25 years, with a mean time lapse of 13.5+10.0 years. All prostheses were modular patellar-tendon-bearing (PTB) with a solidankle-cushion-heel (SACH) foot. All subjects were excellent walkers who used their prostheses on a regular basis and were leading an active normal life.
Before testing, all subjects were assessed by a prosthetist to ensure optimal fit and function of the prosthesis. None of the subjects had stump problems (blisters, sores, swelling or pain) on the testing day. All subjects ambulated without any assistive device except for their prosthesis and they were instructed to ambulate at their most comfortable speed.
Optimal Optimal+ 18" Optima1+36"
Three different tests were carried out, each test included 4 consecutive runs. In the first test, subjects ambulated with their prosthesis aligned 'optimally' (the alignment determined by the prosthetist and accepted by the subject). In the second and third tests, the prosthetist changed the 'optimal' alignment by externally rotating the prosthetic foot. This was accomplished by manoeuvenng the coupler that connects the pylon to the SACH foot. In the second test the prosthetist added 18" to the 'optimal' position of the foot and in the third test he added another 18" (a total of 36" was added in the third test). Before the test, the subject walked for five minutes in order to become accustomed to the newly selected alignment.
Time-distance parameters were measured by means of an electronic walkway (GaitRite, CIR Systems, Inc.). This system consists of a roll-up carpet with an active area of 60cm width and 3.6m length. It cohains sensors that are activated by the subjects' feet while they ambulate across the walkway. The number of activated sensors determines the area of the foot, the distance between the activated sensors and the time of activation/deactivation. The electronic walkway transfers this information to a PC via an interface cable. The application software controls the functionality of the walkway, processes the raw walkway data into 
Results
The mean speed of gait of the presented group was 67.8k13.6dmin in the first test (range; 51.5-93.8dmin). 67.8t14.0dmin in the second test (range; 47.3-95.2dmin), and 67.2k15.0dmin in the third test (range; 46.3-91. ldmin). Differences between speeds are insignificant. Table 1 summarises the results of stance times obtained during the three tests. Insignificant differences in stance time were obtained between the amputated and the sound leg and in inter-leg stance time differences and symmetry between the first and the second test. In the third test, stance time was significantly shorter in the amputated leg (0.7320.09s) when compared with the sound leg (0.7920.1 1s). When comparing the third with the first test, inter-leg stance time difference was significantly longer (0.06k0.07~ and 0.02+0.05s, respectively) and the ratio between soundamputated legs symmetry was
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Sound leg ( 0.054.04s and O.02d0.04s, respectively) and the ratio between soundamputated legs symmetry was significantly smaller (0.8934.08 and 0.952a.09, respectively).
Results of amputated and sound legs step length are summarised in Table 3. Step length was significantly shorter in the sound leg in all three tests. No statistical significance was found between inter-leg step length differences and the ratio of soundamputated leg symmetry obtained in the first test when compared with results obtained in the secorid test. Comparing the third with the first test, inter-leg step length difference was significantly longer (5.83k5.12cm and 3.16cm4.93cm. respectively) and between legs symmetry was significantly smaller (0.91 8 4 . 0 7 and 0.96h.07, respectively). Data of both feet angles measured during ambulation with the prosthetic foot positioned in 3 different toe-out angles are presented in Table 4 . The optimal prosthetic foot angle was found to be insignificantly smaller (10.94",5.21") when compared with the sound foot (1 3.85"+8.lOo). Inter-leg differences increased significantly following modification of optimal prosthetic foot angle. Addition of 18" to the optimal prosthetic foot angle increased inter-leg differences from 3.19"_+6.8" to 9.13"+7.4" (p<0.05). Addition of 36" to the optimal prosthetic foot angle increased inter-leg differences from 3.19"26.8" .to 23.75"+13.5" (p<0.05). Adding 18" and 36" to the optimal prosthetic foot angle resulted in smaller angles than the expected sums. Extracting the measured prosthetic foot angle following addition of 18" (23.15'26.25") from the expected sum (10.94"~5.21"+18") resulted in 6.70°+6.07" of compensation due to internal rotation of the amputated limb. The compensation range increased to 10.94"+11.44" following addition of 36" to the optimal prosthetic foot angle (measured angle 37.07Or9.88"; expected angle 10.9425.2 1 "+36").
Inter-leg
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Optimal Optimal+ 18" Optimd+36" Table 3. Step length measured during ambulation with the prosthetic foot positioned in 3 difference external rotation angles: optimal (1O.94"fi5.21"), optimal + I 8". optimal +36".
Amputed leg Inter-leg compensation Leg symmetry Amputated leg (") Sound leg (") differences (") range ( * amputated leg compared with sound leg (~0 . 0 5 ) .
** optimal position compared with optimal+36" (p<0.05).
S/A=Sound leg/Arnputated leg. Table 4 . Foot angles measured during ambulation with the prosthetic foot positioned in 3 different external rotation angles: optimal ( 10.94°i5.21"), optimal +18O, optimal +36".
Discussion
An optimally aligned prosthesis permits ambulating with comfort for both long distances and time. In current prosthetic practice, the final alignment of the prosthesis is reached by utilising the prosthetist's skill and experience and the patient's comments. Nevertheless, it appears that TT amputees can embrace a large variability of alignments in all planes, thereby giving more freedom to the prosthetists when positioning the respective prosthetic components (Zahedi et al., 1986) . In the anteroposterior direction, the prosthetic socket could be shifted as much as l l l m m and tilted for 11.1", while in the mediolateral direction it could be shifted 90mm and tilted as much as 17". As for the prosthetic foot alignment, the range of accepted toe-out/in was 12" with a mean value of 5.5" for foot external rotation.
The present study investigated IT amputees during ambulation, with their prosthetic foot aligned at excessive external rotation. Since 12" is an accepted range for prosthetic foot angle, this study evaluated the influence of a malaligned foot angle, 18" and 36". added to the measured mean optimal toe-out angle (10.94"25.21") . Although the prosthetic foot was excessively externally rotated, subjects were able to maintain an almost steady speed of gait during the three tests ( In the present study, with malpositioning of the prosthetic foot angle, IT amputees were able to maintain speed of gait by readjusting gait parameters of stance and swing time and step length. Although 18" and 36" were added to the optimal external rotation of the prosthetic foot, the actual foot angle measured in the second and third tests were smaller than the expected mathematical sums of the optimal angle plus the added 18" and 36". During the second test, the measured prosthetic foot angle was 23.15"+6.25" smaller than the 28.94"+5.21" that represent the mathematical sum between optimal foot angle plus 18" (10.94"+5.21"+18"). It can be therefore assumed that the missing mean 6.70"+6.07" in the expected external rotation are due to a compensating pattern activated in the amputated leg. Since the hip is the main joint to control rotational ranges of the lower limb, the subjects may have adapted themselves to the extreme toe-out foot angle by internally rotating the lower limb at the hip joint. This Compensatory pattern at the hip joint was even greater in the third test (10.94"~11.44") due to the fact that 36" had been added to the optimal external rotation of the prosthetic foot.
As for the contralateral leg, the mean angle of foot external rotation was 13.85"28.10" during ambulation when the prosthetic foot was optimally aligned. When 18" and 36" of external rotation were added to the prosthetic foot, the measured foot angle of the contralateral leg was 14.39"+6.99" and 12. 13"29.41", respectively. Such insignificant changes in the contralateral foot angle during ambulation indicate that unlike the amputated leg, a malpositioned prosthetic foot does not influence nor constrain compensatory movements in the sound leg.
In conclusion, the selected malaligned prosthetic foot angles did not interfere with the most comfortable speed of gait of TT amputees. Adaption to excessive external rotation of the prosthetic foot results in significant changes in stance and swing times and in step length, and the adoption of a gait pattern where the hip joint is internally rotated.
